Sr ratio during the late Llandovery may be due to weathering of radiogenic source rocks that were uplifted during early Silurian continent-continent collisions. The Sr rise potentially coincides with the occurrence of an unusually thick sequence of K-bentonite beds representing large-magnitude ash falls in the early Telychian. A previously documented negative δ 
Introduction
The Llandovery (∼443 to 428 Ma) was a time of biotic recovery following the major episodes of Late Ordovician (Hirnantian) glaciation and mass extinction (Harris and Sheehan, 1996; Krug and Patzkowsky, 2004) . It is generally described as a time of cyclic changes in sea level and climate (Melchin and Holmden, 2006) related to intermittent glaciations (Caputo, 1998) . These Lower Silurian glaciations diminished in magnitude during the transition to a middle Paleozoic greenhouse period that followed the major Late Ordovician glaciation (Harris and Sheehan, 1996; Caputo, 1998; Kaljo and Martma, 2000; Brand et al., 2006; Melchin and Holmden, 2006) . Fluctuating atmospheric CO 2 concentrations may have played a role in driving these changes in climatic conditions (e.g., Azmy et al., 1999; Kaljo and Martma, 2000; Kiipli et al., 2004) . However, the timing and causes of paleoclimatic changes with possible links to carbon cycling during the Llandovery remain poorly understood, in part due to the lack of high-resolution, integrated geochemical investigations of changes in seawater chemistry.
Previous work on calcitic brachiopods and conodonts recovered from localities in North America and Europe record a rising trend in the 87 Sr/ 86 Sr ratio throughout the Silurian, which started after the Late Ordovician glaciation (Ruppel et al., 1996; Azmy et al., 1999; Veizer et al., 1999) . This 87 Sr/ 86 Sr increase from ∼0.7079 to 0.7088 has been interpreted to reflect an overall warming of the Silurian climate that led to enhanced weathering of relatively radiogenic continental silicate rocks . The Llandovery portion of the 87 Sr/ 86 Sr seawater curve is characterized by exceptionally high rates of increasing values , and significant inflection points have been linked to global sealevel changes (Ruppel et al., 1996) . However, additional global studies are needed to more accurately establish correlations between Sr isotopes and eustatic sea-level changes (Johnson et al., 1991) , tectonic events (e.g., Bergström et al., 1998) , and climate changes (Caputo, 1998) . Regions that contain both the evidence for these events and a detailed biostratigraphic framework within which to evaluate cause-and-effect relationships are required for these analyses.
High-resolution records of changes in δ 13 C carb have been previously established for the Baltic region, and may also be used to infer Palaeogeography, Palaeoclimatology, Palaeoecology 296 (2010) 264-275 changes in global carbon cycling during the Llandovery (Heath et al., 1998; Kaljo and Martma, 2000; Kiipli et al., 2004 ). δ 13 C data from this interval is also available for Anticosti Island (Long, 1993; Azmy et al., 1998; Munnecke and Männik, 2009 ). However, corresponding study of Sr isotope stratigraphy has not been undertaken in these sections and therefore the relative timing of shifts in 87 Sr/ 86 Sr and δ 13 C carb are not known in detail. In addition, because the reproducibility of these δ 13 C carb trends outside of the Baltic region has not been thoroughly tested, the relative roles of global versus local effects on the observed trends (e.g., Immenhauser et al., 2007) remain poorly understood. By comparing trends in δ 13 C carb with that of coeval organic matter δ 13 C (δ 13 C org ) in the same sections, it is also possible to address potential diagenetic effects on the original global seawater values (e.g., Knoll et al., 1986) .
To better understand the timing and causes of rising seawater 87 Sr/ 86 Sr and δ 13 C excursions during the Llandovery, we have constructed new high-resolution Sr and C isotope datasets that can be tied to established Llandovery biostratigraphic zones and previously generated chemostratigraphic records. The Ikla core section from Estonia (Figs. 1 and 2), which has previously been studied in great detail for δ
13
C carb stratigraphy (Kaljo and Martma, 2000) , graptolite and chitinozoan biostratigraphy (Kaljo and Martma, 2000) , sequence stratigraphy (Johnson et al., 1991) , and volcanic event (K-bentonite) stratigraphy (Kiipli et al., 2006 ) represent a relatively complete Llandovery sequence, and is studied here. A secondary, less biostratigraphically well-constrained δ 13 C carb dataset comes from a section in the Pancake Range, Nevada, USA was also investigated (Harris and Sheehan, 1998) (Figs. 1 and 3) . The Pancake Range section, although dolomitized and not an ideal target for geochemical investigation, still represents one of the only opportunities to sample a thick, relatively complete Llandovery sequence anywhere in North America (Sheehan, 1980; Harris and Sheehan, 1998) and fill an important gap in the δ 13 C composite curve for the Great Basin region (Saltzman, 2005) .
Geological setting

Ikla drill core, Estonia (Baltica)
During the Llandovery, the Baltica Palaeocontinent moved toward a more equatorial setting from its temperate latitudinal setting in the Middle Ordovician. This resulted in significant climatic changes for the region (Torsvik et al., 1996) . In Estonia, the Llandovery sequence was formed along the western shoreline of the Baltica paleocontinent, and four distinct facies have been previously defined ranging from proximal lagoonal dolomites in the east to basinal graptolitic dark shales and claystones in the west (Kaljo and Martma, 2000) . In the Ikla core section, (Fig. 2 ) the studied interval is represented by deposits formed in deep shelf to basinal environments on a carbonate ramp. It is one of the most complete Llandovery sections known in Estonia. Its distal location in the basin was the reason that even some of the largest regressions did not reach the region to produce subaerial unconformities (Kaljo and Martma, 2000) . Lithologies are primarily micritic limestones and marlstones, with interbeds of shales and of carbonate nodules at the base and top of the Ikla core sequence. Near the top of the studied interval, two submarine unconformities are present above and below a thin sequence of argillaceous limestones which correspond to the Rumba Formation (Kaljo and Martma, 2000) .
The Ikla core is biostratigraphically well-dated, mainly based on graptolites (Kaljo and Martma, 2000; Fig. 4 ) and chitinozoans (Nestor, 1994) . The Õhne Formation in this core is dated by the occurrence of the globally widespread chitinozoan Conochitina electa and the graptolite Dimorphograptus confertus. Conochitina electa is also well represented in two other nearby core sections, Kirikuküla and Ruhnu, providing good criteria for correlations across the region. The overlying Saarde Formation consists of five members (in ascending order): Slitere, Kolka, Ikla, Lemme, and Staicele members. The boundary between the Kolka and Ikla members lies close to the level of appearance of Demirastrites triangulatus (e.g., Kaljo and Martma 2000) . In the Ruhnu core section from Ruhnu Island (located about 55 km to the west from Ikla) the occurrence of graptolites Coronograptus cyphus in the Kolka Member and Demirastrites triangulatus in the Ikla Member allow for precise graptolite zonations of these units, as corresponding to the C. cyphus and D. triangulatus graptolite zones, respectively (Kaljo and Martma, 2000) . The first occurrence of chitinozoan Eisenackitina dolioliformis dates the Rumba Formation as late Aeronian to early Telychian (Kaljo and Martma, 2000; Grahn, 2006) . The occurrence of the brachiopod Stricklandia laevis in the Rumba Formation in the Viki core section (western Saaremaa) further constrains this unit to the Telychian Stage (Johnson et al., 1991) . In the Kirikuküla core (located about 100 km to the northwest from Ikla) the cosmopolitan chitinozoan Angochitina longicollis and Baltic chitinozoan Conochitina proboscifera also appear, in the Velise Formation, indicating Telychian age.
Pancake Range, Nevada (Laurentia)
A Llandovery carbonate section representing a sequence deposited in a marginal marine to shelf environment during platform evolution Fig. 1 . Paleogeographic reconstruction of the Llandovery, with dots indicating the general areas of the Pancake Range (Nevada) and Ikla core (Estonia) localities (after Witzke, 1990) . from a carbonate ramp to rimmed shelf environment was sampled in Nevada ( Fig. 3 ; Harris and Sheehan, 1998) . The Pancake Range section lies somewhat east of the outer margin of the rimmed shelf which was located on the western margin of Laurentia, at about ∼10-15°S latitude (Harris and Sheehan, 1998) . Succession of eustatic changes in sea level has been reconstructed for this section using sequence stratigraphy based on methods in Johnson (1996) and on depositional facies (Harris and Sheehan, 1998) . The studied interval corresponds to part of the Laketown Dolostone Formation, which here can be subdivided into six separate members (in ascending order): the Tony Grove, High Lake and Gettel members, the upper High Lake Member tongue, and the Jack Valley and Decathon members (Harris and Sheehan, 1997) . Additionally, six transgressive-regressive cycles separated by unconformities, identified as S1-S6, have been previously identified in the Laketown Dolostone Formation (Harris and Sheehan, 1997) .
The Pancake Range section is biostratigraphically dated based on macrofossils which are abundant throughout the section. The Ordovician-Silurian boundary is marked by a rapid change in brachiopod fauna. At this level, in the early Silurian cosmopolitan Virgiana community V. utahensis becomes the dominant brachiopod. At the same time, diversity of brachiopods drops dramatically at the transition from Ordovician into Silurian. Characteristic of the Rhuddanian and middle Aeronian stages is the occurrence of Virgiana. This brachiopod is abundant in some intervals in the Tony Grove and High Lake members. In the upper part of the High Lake Member Pentamerus is common, dating this interval as upper Aeronian to lower Telychian. Pentameroides in the uppermost High Lake and Gettel members assigns these strata to the middle and upper Telychian. In the strata transitional from Llandovery to Wenlock brachiopod diversity increases, and new communities such as Spirinella and Atrypina appear (Sheehan, 1980) . In the High Lake Member, Verticillopopra dasycladacean algae are present, as well as Amplexoides radicosi and Tryplasma sp. corals. In the Gettel, Palaeocyclus sp. and Tryplasma sp. corals have also been identified (Harris and Sheehan, 1998) .
Methods
Laboratory methods
A total of 135 carbonate samples from the Ikla core in Estonia and from field collecting in the Pancake Range of central Nevada, USA, were analyzed for 87 Sr/ 86 Sr and δ 13 C. Rock samples were first cut using a water-based diamond-bladed saw to produce thin-section billets, then cleaned using ultrapure water (deionized, 18 MΩ) in an ultrasonic bath to remove excess sediment. Fine-grained micritic components were preferentially microdrilled for analysis. Powders were analyzed for 87 Sr/ 86 Sr and Sr concentration ([Sr] ) in the Radiogenic Isotope Laboratory at The Ohio State University using Sr purification and mass spectrometry procedures described in detail by Foland and Allen (1991) . Sr was extracted from powders using ultrapure reagents; powder aliquots of ∼ 25 mg were pretreated with 1 M ammonium acetate (pH 8) and then leached in 4% acetic acid Key: 1, dolomites; 2, skeletal grainstones; 3, skeletal pack-and wackestones; 4, marlstones; 5, red and green marl-and mudstones; 6, eroded margin of the Rhuddanian; 7, facies boundaries; 8, borehole. Numbers on the map mark facies belt: 1, inshore lagoons and tidal flats; 2, nearshore high-energy shoals; 3, shallow mid-shelf; 4, deeper outer shelf. Shaded area indicates inferred land during the Llandovery (after Kaljo and Martma, 2000) . ( Montañez et al., 1996) . The leachate solution was separated from residue and then spiked with an 84 Sr tracer. Samples were purified for Sr using a cation exchange resin and a 2 N HCl based ion-exchange. Purified Sr was then loaded with HCl on a Re double-filament configuration. Isotopic compositions were measured using dynamic multicollection with a MAT-261A thermal ionization mass spectrometer. Sr reported ratios are normalized for instrumental fractionation using a normal Sr ratio of 86 Sr/ 88 Sr = 0.119400.
For organic carbon isotope analysis, micritic (fine-grained) components were microdrilled from the same cleaned thin-section billets used for the Sr analyses. Sample powders were accurately weighed (∼1 g) and acidified using 6 N HCl to remove carbonate minerals. Insoluble fractions were then repeatedly rinsed and centrifuged in ultrapure water, and then dried at 80°C overnight. The remaining residues were homogenized using a mortar and pestle, and then accurately weighed into tin capsules. Samples were combusted with a Costech Elemental Analyzer and the resulting CO 2 gas analyzed for δ 13 C through a Finnigan Delta V plus stable isotope ratio mass 
Primary versus secondary signals
One of the most important issues in analyzing trends in 87 Sr/
86
Sr is the potential for secondary influences to alter the primary seawater values. In general, in samples that are diagenetically altered or in which non-marine strontium is present in Rb or Sr-rich siliciclastic phases (e.g., clays), the 87 Sr/ 86 Sr is shifted to more radiogenic values.
We attempted to minimize leaching of Sr from non-carbonate phases by pretreatment with 1 M ammonium acetate as described above (after Montañez et al., 1996) . In order to address diagenesis in this study, the Sr contents of the analyzed rock were plotted against the 87 Sr/
Sr isotopic ratio (Table 1 ; Data Repository Fig. 1 ). When the rock is diagenetically altered, Sr concentrations are in most cases reduced (Montañez et al., 1996; Azmy et al., 1999; Brand et al., 2006; Halverson et al., 2007) . However, since initial ocean Sr contents can differ, as well as the original mineralogy (calcite versus aragonite), there is no set standard for rejecting 87 Sr/ 86 Sr values based on Sr concentrations and evaluation must be made on a case-by-case basis. Based upon the range of Sr contents in samples from the Ikla core, a threshold of 100 ppm was used to exclude data points from the plotted Llandovery 87 Sr/ 86 Sr curve. Three samples with concentrations of less than 100 ppm were considered to be diagenetically altered, and two of these were significantly more radiogenic than the surrounding data points (Table 1) . However, we also note that some 87 Sr/ 86 Sr outliers did not have Sr concentrations that were significantly lowered relative to adjacent samples.
Several earlier studies indicate that δ 13 C carb values are largely rockbuffered (i.e. the carbon of the new mineral phase is derived from the old mineral phase) during the diagenetic processes that typically affect marine carbonates (Banner and Hanson, 1990 ). This appears to be the case even for dolostones, e.g. samples coming from the Pancake Range section analyzed in this study. For example, a global Upper Cambrian δ 13 C excursion (SPICE event) is recorded globally in limestones (Saltzman et al., 1998) as well as also in dolomitized sections (Glumac and Walker, 1998; Kouchinsky et al., 2008 ). δ 13 C org is likely to be inherently noisier than δ 13 C carb , mainly due to the heterogeneity of the organic matter analyzed (e.g., Hayes et al., 1999) . It is also possible that the differences in the carbon isotope curves from carbonates and from organic matter are related to changes in atmospheric CO 2 that can affect photosynthetic fractionation (Kump and Arthur, 1999) . One criterion for discerning primary versus secondary signals in δ 13 C org includes consideration of the percentage of organic matter in the samples. For example, in the Ikla core TOC Fig. 4 . Stratigraphy of Llandovery rocks in southern Estonia (after Kaljo and Martma, 2000) correlated with generalized graptolite zones (after Koren et al., 1996) and conodont zones (after Bergström et al., 1998; Männik, 2007) . Black rectangle indicates approximate range of Early Silurian K-bentonites deposited in Estonia (Bergström et al., 1992) .
ranges from 0.06% to 0.34% and shows no discernable trend in relation to δ 13 C org values (Data Repository Fig. 2 ). Parallel changes observed in both δ 13 C carb and δ
13
C org in the Telychian and part of the Aeronian are likely a reliable indicator of preservation of primary seawater values in the rock record (e.g., Joachimski et al., 2002) , but different trends in the Rhuddanian between δ 13 C carb and δ 13 C org may indicate a potential diagenetic overprint.
Results
Ikla drill core, Estonia
Sr isotope data from Ikla core shows some variability in the Rhuddanian part (Õhne and lower Saarde formations) of the core, ranging from 0.708020 to 0.708341, averaging at 0.7081 (Table 1, C org curve from the Ikla core exhibits both similarities (in Telychian) and differences (Rhuddanian-Aeronian interval) when compared with the δ 13 C carb curve generated by Kaljo and Martma (2000) (Fig. 6, Table 1 ). While there is a general decrease in values in the Rhuddanian and a general increase in values in the lower Aeronian of both curves, here we wish to emphasize the significant parallel Koren et al., 1996) : 1, acuminatus; 2, vesiculosus; 3, cyphus; 4, pectinatus-triangulatus; 5, argenteus; 6, convolutus; 7, sedgwickii; 8, guerichi-turriculatus-crispus; 9, griestoniensis-crenulata-spiralis-insectus; 10, centrifugus-murchisoni. Abbreviations: W., Wenlock; S., Sheinwoodian; Tely., Telychian; Rum., Rumba; Vel., Velise. (Saltzman, 2001; Saltzman, 2005, 2007) .
Pancake Range section, Nevada, USA
The Pancake Range section is less biostratigraphically controlled than the Ikla Core and dolomitized, yet still records reliable δ 13 C carb values. In the basal Rhuddanian (present in the basal Tony Grove Member), δ 13 C carb values are about + 1‰, and increase up to +2.5‰ through the member ( Fig. 7 ; Table 2 ). Near the top of the Tony Grove Member, δ 13 C carb values drop to between −0.5 and 0‰, but then rise again rapidly up to +2‰ in the lower High Lake Member. From the lower High Lake Member just through the Aeronian/Telychian boundary, δ 13 C carb values decrease gradually reaching near 0‰.
Above this level δ 13 C carb values again increase and reach +2‰ at the base and + 2.5‰ in the middle of the Gettel member. In the upper part of the Gettel Member, through the upper High Lake Member tongue, δ
13
C carb values decrease again to + 0.75‰. The drop in the Gettel Member is followed by rapid increase of values in the Jack Valley Member, up to + 3‰. After this maximum, values decrease in the Decathon Member lowering to approximately +0.5‰. Trends in the δ 13 C carb data from the Pancake Range reflect similar trends in the Ikla Core (Fig. 8) , with a negative excursion present showing values of approximately 0‰ in the earliest Telychian. Similarly, the Pancake Range data also trends to more positive values after this negative excursion, reaching +2.5‰ in the late Telychian, and even + 3‰ in the early Wenlock, similar to the trends in the Ikla core (Table 2, Fig. 8 ).
Discussion
Our high-resolution Sr isotope curve from the Llandovery in the Ikla core from Estonia demonstrates a similar rise of 87 Sr/ 86 Sr values as previously recognized by Azmy et al. (1999) , and also suggests that an increase in the rate of this rise may have occurred in the lower Telychian (Fig. 9) . Furthermore, by analyzing 87 Sr/ 86 Sr as well as δ 13 C (δ 13 C org this study, and δ 13 C carb from Kaljo and Martma, 2000) , it is evident that both the strontium and carbon cycles underwent major changes during the Aeronian-Telychian study interval (Fig. 10) . Our data trends from the earliest Llandovery Rhuddanian Stage are less coherent than younger strata and will require additional study to discern whether these trends indeed record primary, global changes in seawater chemistry or mainly secondary (local) influences. Thus, in the discussion, which follows below, the focus is on the records spanning the Aeronian and Telychian Stages only.
Strontium isotopes and early Silurian tectonics
The observed increase in the rate of 87 Sr/ 86 Sr rise in early Telychian can potentially be linked to changes in fluxes of Sr into the oceans or, alternatively, it may be an artifact caused by a decrease in sedimentation rates (e.g., McArthur and Howarth, 2004) . Based on the comparison with the Llandovery data by Azmy et al. (1999) from (Fig. 9) , we interpret this shift as a result of changes in the marine Sr cycle. Variations in marine Sr fluxes may be caused by changes in the rates of hydrothermal interaction with basaltic rocks, continental weathering, or changes in the 87 Sr/ 86 Sr of the continental source material being weathered (Hodell et al., 1990; Richter et al., 1992; Farrell et al., 1995) . The weathering of continental, non-volcanic silicate rocks will introduce relatively radiogenic Sr (higher 87 Sr/ 86 Sr ratio) into rivers (Berner, 2006) . The riverine input of Sr into the basin may increase during tectonic uplift caused by, e.g., continentcontinent collision. Tectonic uplifts may also expose older, highly radiogenic (∼0.7116 or higher) silicates (Raymo et al., 1988; Richter et al., 1992) . Hydrothermal interaction with fresh oceanic (basaltic) crust, or the weathering of continental mafic volcanics, both increase the input of less radiogenic Sr (∼ 0.7035) to the oceans (Stern, 1982; Palmer and Elderfield, 1985; Davis et al., 2003) . The best evidence for a causal connection between tectonism and the early Telychian rise in seawater 87 Sr/ 86 Sr is based on the age of a major tectonic unconformity in the sedimentary succession of the Appalachian basin (Ettensohn and Brett, 1998) . This unconformity, at the base of the Clinton Group in the eastern United States, is dated as early Telychian by Berry and Boucot (1970) and Rickard (1975) . It likely resulted from the uplift and migration of the forebulge that formed during the early stages of the flexural subsidence creating the Appalachian foreland basin (part of Salinic tectophase I, which reflects oblique subduction of Avalonian terranes under Laurentia) (Ettensohn and Brett, 1998) . A tectonic origin for this sequence boundary is also supported by an overlying condensed section, indicative of flexural subsidence and relative sea-level rise that cut off sediment supply to the shelf and basin (Ettensohn and Brett, 1998) .
While the final suturing of Baltica and Laurentia (Caledonian orogeny) occurred in the late Silurian-early Devonian, initial collisions of these continents and intervening terranes occurred in the Telychian and are collectively referred to as the Scandian orogeny (Gee, 1975) . Evidence of Telychian tectonism is also supported by UPb dating of granites from the Canadian Appalachians in New Brunswick, Canada (Bevier and Whalen, 1990) .
The tectonic origin of Llandovery sequence boundaries in the Appalachian basin (Salinic tectophase I), together with the evidence for the Scandian orogeny in other regions, suggests that the early Silurian was an important period of global tectonic reorganization, particularly along the Caledonian suture (Ettensohn and Brett, 1998 Sr in seawater towards more radiogenic values throughout the Telychian.
Early Silurian K-bentonites and the timing of tectonic events
Stratigraphic evidence from K-bentonite studies of Silurian strata (Bergström et al., 1998 ) also reveals a potential link between the early (Bergström et al., 1992; Kiipli and Kallaste, 2002) . The largest and most significant K-bentonite is the Osmundsberg, but several additional beds have been documented from a number of localities in Europe, including Sweden, Estonia, Norway and the British Isles (Bergström et al., 1992 (Bergström et al., , 1998 Lehnert et al., 1999; Kiipli et al., 2006) .
In some localities, the thicknesses of the Osmundsberg K-bentonite bed reaches up to 115 cm, and the bed has been traced over a distance about 2000 km across Estonia and the Baltic region (Bergström et al., 1998) . These Early Silurian K-bentonite beds have been interpreted to be the result of a series of explosive ash falls following large-scale eruptions of felsic magma, with the event that caused the Osmundsberg deposition likely having lasted a few weeks . 13 C carb data from the Ikla core (Kaljo and Martma, 2000) plotted against δ 13 C carb data from the Pancake Range (this study). Gray box is emphasizing negative excursion present in both sections, which coincides with 87 Sr/ 86 Sr inflection point. Abbreviations: Tely., Telychian; S., Sheinwoodian; Rhuddan., Rhuddanian; Sheinwo., Sheinwoodian. These ash falls are well-dated by biostratigraphy as late Aeronian to early Telychian, correlating with the convolutus to turriculatus graptolite zones range (Bergström et al., 1992 (Bergström et al., , 1998 . In Estonia, the Osmundsberg K-bentonite occurs in the same strata (Rumba Formation) where rising of 87 Sr/ 86 Sr values are recorded, and several K-bentonites are recorded in the upper Aeronian, immediately preceding and coinciding with this rise, and in the lower Telychian as well (Fig. 10) (Kaljo and Martma, 2000) , additional Sr isotope work on nearby cores may be needed.
Early Silurian carbon cycling
Early Telychian volcanic ash falls (e.g., Osmundsberg K-bentonite) and associated tectonic episodes (Salinic and Scandian Orogenies) could have influenced the Sr flux into the oceans, and may have also had a significant effect on carbon cycling in the Early Silurian. A negative δ 13 C shift similar to that which we observe in the Ikla core in both carbonate and organic matter during the late Aeronian-Early Telychian (Fig. 6 ) may also be recorded in the δ 13 C org curve from the Canadian Arctic (Melchin and Holmden, 2006) , the δ 13 C carb curve from several other studied core sections in Estonia (Kaljo and Martma, 2000) , and the δ 13 C carb from the Pancake Range (Fig. 7) . Carbon isotope excursions may have multiple origins related to changes in nutrient cycling and organic carbon burial or preservation, or to weathering of carbonate versus organic matter on land (Kump and Arthur, 1999) . Negative δ 13 C excursions may also potentially result from release of volcanically generated CO 2 (e.g., Payne and Kump, 2007) . A large influx of volcanic CO 2 to the atmosphere would contain isotopically light δ 13 C (about −5.0‰) (Kump and Arthur, 1999) , and could have contributed in small part to the early Telychian negative δ 13 C shifts in the Rumba Formation observed in the Ikla core (Kaljo and Martma, 2000) . However, only if this volcanism generated the release of CO 2 from organic-rich sedimentary units (e.g., Svensen et al., 2009 ) could the magnitude and timing of the negative excursion in the Rumba Formation be reproduced by modeling (e.g., Kump and Arthur, 1999; Payne and Kump, 2007) . Furthermore, Payne and Kump (2007) modeled a negative δ 13 C shift related to the formation of a large igneous province that represents one of the largest eruptions of the past half billion years, and thus a model would need to be constructed that takes into account the aerial extent of explosive volcanism observed for the early Telychian and its interaction with associated sedimentary units (e.g., Ordovician black shales) to estimate the effect on δ 13 C. Climate changes and associated episodes of glaciations in late Aeronian-early Telychian have been proposed by Caputo (1998) , and may also have linkages to the global carbon cycle and δ 13 C. Although the causes of the late Llandovery glaciation are not well understood, Early Silurian glaciations could be related to ongoing tectonic events if imbalances between volcanic outgassing of CO 2 and consumption of atmospheric pCO 2 via silicate weathering occurred (e.g., Young et al., 2009) . Alternatively, the initial cooling and glaciation may have begun in response to enhanced bioproductivity during the preceding Aeronian time (e.g. Kiipli et al., 2004 ) that lowered atmospheric pCO 2 . This Sr (this study) and δ
13
C carb (Kaljo and Martma, 2000) record of the Ikla core, gray bar highlighting range of K-bentonite beds. Abbreviations and explanation of symbols as in Fig. 5. productivity event apparently caused an increase in organic carbon burial (e.g., basinal graptolitic black shales in the east Baltic) and may correlate with the broad positive mid-Aeronian δ 13 C excursion seen in the Ikla core and elsewhere (Kaljo and Martma, 2000) . However, the mid-Aeronian positive δ 13 C carb excursion seen in the Ikla core is not confirmed by the relatively low resolution δ 13 C org data presented here (Fig. 6) , and future high-resolution efforts are needed to confirm the global significance and correlation of δ 13 C trends in carbonate and organic matter (e.g., Young et al., 2008) . Furthermore, even if this broad positive trend in δ 13 C in the mid-Aeronian is confirmed, alternative explanations for the excursion related to increased organic matter preservation should be explored (Kump and Arthur, 1999) . Models for either enhanced productivity or preservation of organic matter may relate ultimately to sea-level change and the effects on sediment delivery and water column mixing (Sageman et al., 2003) .
The Late Aeronian-Early Telychian negative δ 13 C shift in the Rumba Formation could in this context simply reflect a return to lower productivity or decreased organic matter preservation (e.g., Saltzman, 2005, 2007) . This negative excursion in the Rumba is followed by a prominent positive δ 13 C excursion in the Velise and Riga formations of the Ikla core, which may correspond to the beginning of the Sheinwoodian Ireviken δ 13 C excursion well documented in the Ruhnu and Viki core sections (Kaljo et al., 2003) , and signal a return to anoxic deep oceans (Cramer and Saltzman, 2005) . However, because of the difficulties in precise correlations of beds with tillites found in regions of glaciations with the marine sections studied for isotope signals, this scenario of linking the carbon cycle and Llandovery climate changes remains speculative and must undergo further testing.
Conclusions
High-resolution 87 Sr rise may coincide with the large volcanic ash falls, which resulted in Early Silurian K-bentonites, and with negative excursions in δ 13 C carb and δ 13 C org curves in the early Telychian Rumba Formation. However, since these K-bentonite beds are not found in the Ikla core, it is difficult to currently address the linkages between tectonic events and C or Sr isotopes. Positive δ 13 C carb and δ
13
C org excursions in the Aeronian likely reflect increased bioproductivity or increased organic matter preservation and C org burial, which lowered atmospheric CO 2 in the late Aeronian and through the early Telychian. This evidently caused a decrease in global temperatures and the start of polar ice sheet development and glaciation.
